
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 8505–8510, July 1999
Cell Biology

Mammalian unfolded protein response inhibits cyclin D1
translation and cell-cycle progression

(endoplasmic reticulum stressycyclin-dependent kinases)

JOSEPH W. BREWER*†, LINDA M. HENDERSHOT*, CHARLES J. SHERR*‡§, AND J. ALAN DIEHL*‡¶

*Department of Tumor Cell Biology, and ‡Howard Hughes Medical Institute, St. Jude Children’s Research Hospital, 332 North Lauderdale, Memphis, TN 38105

Contributed by Charles J. Sherr, May 25, 1999

ABSTRACT Alterations in normal protein biogenesis and
the resulting accumulation of improperly folded proteins in
the endoplasmic reticulum (ER) trigger a stress response that
up-regulates the expression of ER chaperones, while coordi-
nately repressing overall protein synthesis and causing cell-
cycle arrest. Activation of this unfolded protein response
(UPR) in mouse NIH 3T3 fibroblasts with the glycosylation
inhibitor tunicamycin led to a decline in cyclin D- and
E-dependent kinase activities and to G1 phase arrest. Cyclin
D1 protein synthesis was rapidly inhibited by tunicamycin
treatment. However, the drug did not significantly affect the
mitogen-dependent activities of the extracellular signal-
activated protein kinases ERK1 and ERK2 or the level of
cyclin D1 mRNA until much later in the response. Therefore,
the UPR triggers a signaling pathway that blocks cyclin D1
translation despite continuous mitogenic stimulation. En-
forced overexpression of cyclin D1 in tunicamycin-treated
cells maintained cyclin D- and E-dependent kinase activities
and kept cells in cycle in the face of a fully activated UPR.
Translational regulation of cyclin D1 in response to ER stress
is a mechanism for checkpoint control that prevents cell-cycle
progression until homeostasis is restored.

Folding and maturation of all secretory pathway proteins occur
in the endoplasmic reticulum (ER), a calcium-rich, oxidizing
environment in which nascent chains are modified by the
addition of asparagine-linked oligosaccharide chains and the
formation of intrachain and interchain disulfide bonds (1).
Pharmacological alterations in the ER redox potential, glyco-
sylation machinery, or calcium levels can disrupt normal ER
protein biogenesis, resulting in accumulation of misfolded
proteins within the ER and triggering a complex chain of
events termed the unfolded protein response (UPR; refs. 2 and
3). Activation of the mammalian UPR is characterized in part
by increased transcription of at least seven genes encoding ER
molecular chaperones, such as BiPyGRP78 (2), as well as
induction of CyEBP homologous protein (CHOP), a transcrip-
tion factor also known as growth arrest and DNA damage gene
product-153 or GADD153 (4, 5). The increased synthesis of
ER chaperones, which serve to correct protein misfolding,
occurs concomitantly with a marked decrease in the rate of
overall protein synthesis (6) and with arrest in the G1 phase of
the cell division cycle (7, 8). Inhibition of protein synthesis
lowers the overall rate of protein traffic into the ER, thus
limiting damage to this organelle. The fact that this process is
counterbalanced by an increased synthesis of specific ER
chaperones highlights the specificity of this aspect of the UPR.

Mammalian cells contain at least three ER transmembrane
signaling proteins that are thought to be the proximal effectors
of the UPR. Ern1 and 2 (ER to nucleus) consist of an ER

luminal domain that is believed to ‘‘sense’’ ER stress, a single
membrane spanning segment, and a cytosolic tail containing
both an essential serineythreonine kinase module and an
RNase domain (5, 9). Experiments involving overexpression of
both wild-type Ern and dominant-negative Ern mutants sug-
gest that induction of ER chaperone genes and CHOP involves
Ern activation (5, 9). The third ER transmembrane signaling
protein, PERK, has an ER luminal domain and a cytosolic
serineythreonine kinase domain that shares homology with the
cytosolic RNA-dependent protein kinase (PKR; ref. 10). The
UPR-mediated down-regulation of protein synthesis is accom-
panied by increased phosphorylation of eIF-2a, which impedes
the formation of functional 40S translation–initiation com-
plexes and inhibits translation (6). PERK is activated by ER
stress in vivo and phosphorylates eIF-2a in vitro, suggesting
that the UPR may use PERK to coordinate the more global
repression of protein synthesis with Ern-induced transcrip-
tional up-regulation of selected genes (10).

The mechanism underlying UPR-induced cell-cycle arrest
has been largely unexplored. In principle, ER-stress conditions
could indirectly impede cell-cycle progression by interfering
with the proper maturation of growth factor receptors or other
modulators of mitogenic signaling (11). Alternatively, ER
stress may directly induce a checkpoint response that prevents
cells from completing their cell division cycle under conditions
that compromise the proper folding and assembly of proteins.
In general, cell-cycle progression requires the activity of
regulatory cyclins and their catalytic partners, the cyclin-
dependent kinases (CDKs). Progression through G1 phase
initially depends on holoenzymes composed of one or more of
the D type cyclins (D1, D2, andyor D3) in association with
either CDK4 or CDK6; this step is followed by activation of the
cyclin E- and A-dependent kinase CDK2 as cells approach the
G1yS transition (12). Cell-cycle arrest in response to mitogen
deprivation or antiproliferative cytokines can be achieved
through degradation of unstable cyclin subunits, by specific
posttranslational modifications of the CDK subunits, or via
association of active cyclin-bound CDKs with polypeptide
CDK inhibitors (CKIs; refs. 13 and 14). Although the CipyKip
CKIs (including p21Cip1, p27Kip1, and p57Kip2) act as potent
inhibitors of cyclin E–CDK2 and cyclin A–CDK2, they posi-
tively regulate cyclin D–CDK assembly and remain bound to
catalytically active cyclin D–CDK complexes (15, 16). Mitogen
withdrawal inhibits cyclin D1 transcription and accelerates the
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turnover of the protein, leading to the rapid disassembly of
cyclin D-dependent kinase complexes and to the release of
CipyKip proteins from this latent pool. In turn, the mobilized
CKIs can inhibit cyclin E–CDK2 and cyclin A–CDK2, thus
preventing S phase entry and resulting in G1 phase arrest
usually within a single cell cycle (14). Conversely, enforced
ectopic expression of D type cyclins under experimental
conditions in which their assembly with CDK4 is promoted
resequesters CipyKip proteins, reactivates CDK2, and enables
S phase entry (17).

Here, we show that the UPR initiates a rapid block in
translation of cyclin D1 mRNA, resulting in the loss of cyclin
D-dependent kinase activity. This loss, in turn, leads to inhi-
bition of cyclin E- and A-dependent CDK2 and to cell-cycle
arrest in G1 phase. Enforced expression of cyclin D1 can
override UPR-induced cell-cycle arrest, underscoring its im-
portance as a physiologic target of UPR signaling.

METHODS

Cells and Culture Conditions. NIH 3T3 cells were main-
tained in DMEM supplemented with 10% (volyvol) FCS,
antibiotics, and glutamine (GIBCO). NIH 3T3 cells engi-
neered to overexpress Flag epitope-tagged cyclin D1 or a
stable mutant, cyclin D1(T286A) (18) were maintained in
complete medium containing 7.5 mgyml puromycin. Either 3 3
105 cells (100-mm diameter culture dishes) or 1.5 3 106 cells
(150-mm diameter dishes) were seeded in complete medium
and allowed to reach '75% confluence. Cells were shifted to
fresh medium supplemented with 10% (volyvol) FCS contain-
ing tunicamycin (Sigma) or thapsigargin (Sigma) at concen-
trations given in the figure legends or were washed twice with
PBS and shifted to medium containing 0.1% FCS. Cells
harvested by trypsinization thereafter were stained with pro-
pidium iodide and analyzed by flow cytometry to determine
their DNA content (19).

Immunoprecipitation, Immunoblotting, and Protein Kinase
Assays. Cells were lysed in EBC buffer (50 mM TriszHCl, pH
7.5y120 mM NaCly0.5% Nonidet P-40y1 mM PMSFy20
units/ml of aprotininy0.4 mM NaF). Proteins were resolved on
denaturing polyacrylamide gels, transferred to nitrocellulose
(Micron Separations, Westborough, MA), and reacted with
primary antibodies. Immunoblotting of cyclin D1, CDK4,
p27Kip1, p21Cip1, CHOP, and BiP was performed as described
(17, 20); rabbit antiserum was raised against recombinant
hamster CHOP protein. CDK2-p27Kip1 and CDK2-p21Cip1

complexes were precipitated from clarified lysates normalized
for total protein concentration. Lysates were incubated with
antiserum to the C terminus of mouse CDK2 (21) together
with 30 ml of protein A Sepharose (Amersham Pharmacia).
After three washes in EBC buffer, proteins in immune com-
plexes were resolved on denaturing polyacrylamide gels, trans-
ferred to nitrocellulose membranes, and probed with antibod-
ies to p27Kip1 or p21Cip1. Sites of antibody binding were
visualized by using protein A-conjugated horseradish peroxi-
dase (EY Laboratories) with chemiluminescence detection
(enhanced chemiluminescence kit; Amersham Pharmacia).
For extracellular signal-regulated protein kinase (ERK) anal-
ysis, cells were washed with PBS and lysed directly on the dish
in gel sample buffer. Lysates representing equal cell equiva-
lents were resolved on 10% denaturing polyacrylamide gels,
and ERKs were analyzed by immunoblotting with a rabbit
antibody specific for activated ERK1 and ERK2 (p44 and p42
MAPK) doubly phosphorylated at Thr-202 and Tyr-204
(9101S, New England Biolabs) or with rabbit antibody recog-
nizing total ERK protein (SC-93, Santa Cruz Biotechnology).
Sites of antibody binding were detected with an anti-rabbit
Ig-conjugated horseradish peroxidase (New England Biolabs),
followed by chemiluminescence as described above.

Assays for cyclin D1-dependent kinase were performed as
described (22). For detection of CDK2 activity, cells were lysed
in Tween-20 IP buffer (50 mM Hepes, pH 7.5y10 mM MgCly
2.5 mM EGTAy1 mM EDTAy1 mM DTT and the protease
and phosphatase inhibitors indicated above). Clarified lysates
(500 mg per sample) were incubated for 1 h at 4°C with
antiserum directed to the CDK2 C terminus plus 30 ml of
protein A Sepharose. Immune complexes were washed four
times with IP buffer and two times with kinase buffer (50 mM
Hepes, pH 7.5y10 mM MgCly1 mM DTTy20 mM unlabeled
ATP and protease and phosphatase inhibitors). Reactions
initiated by the addition 10 mCi of [g-32P]ATP (6,000 Ciy
mmol; NEN) were incubated at 30°C for 25 min (with linear
incorporation kinetics). Labeled proteins were denatured in
sample buffer and separated on denaturing polyacrylamide
gels before autoradiography.

Isolation and Analysis of RNA. Total RNA was extracted
from cultured cells by using the RNeasy kit (Qiagen, Valencia,
CA) and analyzed by Northern blotting by using random
primer labeled hamster BiP and mouse CHOP cDNA probes
and hybridization procedures previously described (20). cDNA
probes used under the same conditions included a 1.3-kb
EcoRI fragment from mouse cyclin D1 (23) and human b-actin
(CLONTECH).

Biosynthetic Labeling. Subconfluent cells in 60-mm diam-
eter culture dishes were incubated in methionine- and cys-
teine-free DMEM (Life Technologies, Gaithersburg, MD) for
the final 30 min of tunicamycin treatment and then shifted to
medium containing 150 mCiyml Tran-35S-label (ICN) for the
indicated time periods. Proteins were immunoprecipitated
from cell lysates as described above. Radiolabeled proteins
were electrophoretically separated on denaturing 10% poly-
acrylamide gels, visualized by autoradiography by using Am-
plify reagent (Amersham Pharmacia), and quantitated by
image analysis.

RESULTS

Tunicamycin Triggers Cyclin D1 Loss and G1 Phase Arrest.
The ability of tunicamycin, a glycosylation inhibitor, to activate
the UPR in a variety of cell types is well established (2). To
assess the nature and kinetics of cell-cycle arrest induced by
tunicamycin with that induced by growth factor withdrawal,
mouse NIH 3T3 fibroblasts were either treated with 0.5 mgyml
tunicamycin in complete growth medium containing 10%
(volyvol) FCS or deprived of mitogens by placing them in
medium containing 0.1% FCS but lacking the drug. Greater
than 85% of the cells arrested in G0yG1 within 16 h of serum
starvation, as indicated by the accumulation of cells with
unreplicated (2N) DNA (Fig. 1A, right column). Treatment of
cells with medium containing serum and tunicamycin also
resulted in a marked accumulation of cells in the G0yG1-phase
(Fig. 1 A Left) in agreement with previous reports (8), although
cell-cycle arrest was less complete than that observed with
serum starvation. After 20 h of exposure to the drug (equiv-
alent to '1 cell cycle), the vast majority of cells remained
viable as judged by the absence of apoptotic cells containing
less than 2N DNA content. However, longer drug treatment
decreased cell viability, thus confounding analysis of cell-cycle
dynamics beyond a single cycle.

The major cyclin D-dependent kinase in NIH 3T3 cells is
D1–CDK4, which is activated in mid G1 phase before the
appearance of cyclin E–CDK2 (22). These cells also express
p21Cip1 and p27Kip1 but little p57Kip2 (16). After serum star-
vation or exposure to tunicamycin, we assayed the levels of
cyclin D1, CDK4, and the two CipyKip proteins. The levels of
cyclin D1 declined rapidly in both cell populations, whereas
neither treatment resulted in significant changes in the abun-
dance of CDK4 (Fig. 1B). Consistent with previous observa-
tions that p27Kip1 accumulates as mitogen-starved cells exit the
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cycle (14), the level of p27Kip1 increased within 16 h after
serum withdrawal. In contrast, p21Cip1 synthesis is induced by
mitogens (14), and its level decreased rapidly in serum-
deprived cells (Fig. 1B Right). Markedly different responses
occurred in tunicamycin-treated cells in which the amount of
p27Kip1 declined, while p21Cip1 levels remained relatively con-
stant (Fig. 1B Left). Thus, tunicamycin and serum starvation
had opposing effects on p21Cip1 and p27Kip1 expression. As
expected, tunicamycin treatment, but not serum starvation,
induced the accumulation of both BiP and CHOP (Fig. 1B).
These results suggested that G1 arrest induced by tunicamycin
correlated more closely with a loss of cyclin D1 than with
accumulation of CKIs of the CipyKip family. We also found
that thapsigargin, an inhibitor of the ER Ca21-ATPase and a
potent activator of the UPR, induced a rapid loss of cyclin D1

in NIH 3T3 cells (data not shown). Loss of cyclin D1 was noted
previously in human cancer A2780 and HT-29 cells treated
with 2-deoxyglucose, glucosamine, and the calcium ionophore
A23187, all of which induce ER stress and growth arrest (24).
Thus, decreased expression of cyclin D1 occurs in response to
ER stress induced in different cell types by various chemical
stimuli.

A second class of CDK inhibitors, the INK4 proteins, can
also be induced selectively in response to particular antipro-
liferative signals (25). Because formation of INK4 binary
complexes with CDK4 leads to destabilization of cyclin D1 (26,
27), we considered the possibility that tunicamycin might
trigger cyclin D1 loss through such a mechanism. NIH 3T3 cells
have sustained a loss of the chromosomally linked loci encod-
ing p16INK4a and p15INK4b, so we confined our analyses to the
other two INK4 family members, p18INK4c and p19INK4d.
Neither of these proteins accumulated during tunicamycin
treatment (data not shown). Therefore, the observed loss of
cyclin D1 was not secondary to INK4 protein induction.

Enforced Expression of Cyclin D1 Prevents Tunicamycin-
Induced Growth Arrest. We next compared the effects of
tunicamycin treatment on NIH 3T3 cells to the response of two
NIH 3T3 derivatives previously engineered to overexpress
constitutively either wild-type cyclin D1 or a mutated form
containing an alanine for threonine substitution at codon 286
[D1(T286A)] (18). Phosphorylation of Thr-286 by glycogen
synthase kinase-3b (GSK-3b) triggers the ubiquitination and
proteasomal degradation of cyclin D1, so that the nonphos-
phorylatable D1 mutant is highly stable (t1y2 ' 3–4 h vs. t1y2
' 25 min for wild-type D1; refs. 18 and 28). Overexpression of
neither form of cyclin D1 is sufficient to render cells resistant
to arrest on serum withdrawal (17, 18), because the cyclin
D–CDK assembly normally requires mitogenic signaling (22).
However, unlike parental NIH 3T3 cells (Fig. 2A Left), cells
overexpressing wild-type (Fig. 2 A Center) or mutant cyclin D1
(Fig. 2 A Right) did not arrest in response to tunicamycin.
Therefore, the reduction in the level of endogenous cyclin D1
observed after tunicamycin treatment of NIH 3T3 cells (Fig.
1B) must be mechanistically important in establishing G1
phase arrest. The remaining experiments shown below were
performed with both D1-3T3 and D1(T286A)-3T3 cells; how-
ever, because virtually indistinguishable results were obtained,
the pertinent data are illustrated for D1(T286A)-3T3 cells
only. Overexpression of cyclin D1(T286A) prevented cell-cycle
arrest at higher concentrations of tunicamycin, as well as by
thapsigargin (Fig. 2B), indicating a general role for cyclin D1
loss in UPR-induced arrest.

In contrast to NIH 3T3 cells in which cyclin D1 protein was
undetectable after 16 h of drug exposure, the steady-state level
of D1(T286A) was unchanged through 20 h of treatment (Fig.
3A). This result reflects the large pool of ectopically overex-
pressed D1(T286A) and its reduced rate of turnover as com-
pared with endogenous cyclin D1. The observed induction of
BiP and CHOP indicated that tunicamycin activated the UPR
in both cell lines (Fig. 3A). Depletion of cyclin D1 in tunica-
mycin-treated NIH 3T3 cells was accompanied by the loss of
retinoblastoma protein kinase activity in anti-D1 immune
complexes (Fig. 3B) and the accumulation of hypophosphor-
ylated retinoblastoma protein in the cells over the same time
course (data not shown). However, the kinase activity of
enzyme complexes recovered from D1(T286A)-3T3 cells was
not diminished during drug treatment (Fig. 3B).

When CDK2 immune complexes (containing both cyclins E
and A) were recovered from both cell types and tested for their
ability to phosphorylate histone H1, CDK2 kinase activity was
inhibited efficiently in NIH 3T3 cells but remained unaffected
in the D1(T286A)-3T3 cells (Fig. 3C). This result underscores
the dependency of cyclin E- and A-dependent kinases on
formation of cyclin D–CDK4 complexes. In contrast to the
profound loss of cyclin D1 in parental NIH 3T3 cells, the

FIG. 1. Loss of cyclin D1 correlates with tunicamycin-induced G1
arrest. (A) NIH 3T3 cells treated with 0.5 mgyml tunicamycin in
complete serum-containing medium (Left) or transferred to medium
containing 0.1% FCS but no drug (Right) were assayed for DNA
content by flow cytometry at the indicated times. Cells with a 2N DNA
content (abscissa) are in G0yG1, whereas those with a 4N DNA content
have completed S phase and are in G2 or M phase. The S phase fraction
is represented by cells whose DNA content is between 2N and 4N. (B)
Cells treated as above were lysed, and after separation of equal
amounts of lysate proteins on denaturing polyacrylamide gels and
transfer to nitrocellulose membranes, the indicated proteins were
detected by direct immunoblotting by using cognate antibodies. All
proteins were visualized by enhanced chemiluminescence, and expo-
sures for Left and Right are matched.
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amounts of cyclin E (data not shown) and cyclin A were
reduced by '50% after tunicamycin treatment, whereas CDK2
expression was unaffected (Fig. 3A, Cyclin A and CDK2). In
the D1(T286A)-3T3 cells, however, the levels of all three
proteins remained constant during the course of tunicamycin
treatment (Fig. 3A; data for cyclin E not shown). The observed
reduction in cyclin E and A levels in drug-treated NIH 3T3
cells would have been expected to yield some decrease in
CDK2 activity, but other mechanisms must contribute to its
complete elimination.

We reasoned that the remaining cyclin E–CDK2 and
A–CDK2 complexes in tunicamycin-treated cells were seques-
tered in an inactive state by virtue of their association with
either p21Cip1 or p27Kip1. Only a 3-fold increase in the ratio of
bound CipyKip proteins to cyclin E–CDK2 is sufficient to
compromise its catalytic activity severely and prevent S phase
entry (29). The amounts of p21Cip1 or p27Kip1 coprecipitating
with CDK2 were unchanged by tunicamycin treatment (Fig.
3D), despite the fact that cyclin A and p27Kip1 levels had both
declined (Figs. 3A and 1B). Together, these data are compat-
ible with the notion that cyclin–CDK2 complexes remaining
after 20 h of tunicamycin treatment are maintained in an
inactive state because of their increased association with
p21Cip1 and p27Kip1.

Inhibition of Mitogenic Signaling Is Not Responsible for
UPR-Mediated Cyclin D1 Loss. In NIH 3T3 cells, the activities
of the extracellular signal-regulated kinases 1 and 2 (ERK1 and
ERK2) are required for cyclin D1 expression. Mitogen-
dependent activation of ERKs involves the sequential activa-
tion of Ras, Raf-1, and the mitogen-activated protein kinase
kinases, which ultimately phosphorylate ERKs on conserved
Thr and Tyr residues to generate the catalytically active
enzymes. Lysates of NIH 3T3 cells cultured in either 10%

(volyvol) FCS plus tunicamycin or in medium containing 0.1%
FCS were analyzed by immunoblotting with antibodies that
either specifically recognize phosphorylated, active ERK iso-
forms (Fig. 4A Upper) or ones that detect both phosphorylated
and nonphosphorylated ERK species (Fig. 4A Lower). Serum
starvation resulted in the rapid loss of phosphorylated ERKs,
but ERK1 and ERK2 remained phosphorylated throughout
the 20-h course of tunicamycin treatment with only a slight
decrease after 16 h. Hence, tunicamycin-induced cell-cycle
arrest does not result from inhibition of mitogen-dependent
ERK activation.

We therefore expected that tunicamycin treatment would
not prevent cyclin D1 transcription, which depends to a great

FIG. 2. Enforced overexpression of cyclin D1 prevents tunicamy-
cin-induced growth arrest. (A) After treatment of parental NIH 3T3
(Left), D1-3T3 (Middle), or D1(T286A)-3T3 (Right) cells with 0.5
mgyml tunicamycin in complete medium, cells were harvested at the
indicated times and assayed for DNA content by flow cytometry. (B)
NIH 3T3 (Left) and D1(T286A)-3T3 (Right) cells were treated with the
indicated doses of tunicamycin and thapsigargin for 20 h and then
assayed for DNA content by flow cytometry.

FIG. 3. Constitutive expression of cyclin D1(T286A) prevents loss
of cyclin A and CDK2 catalytic activity. (A) Parental NIH 3T3 (Left)
or D1(T286A)-3T3 (Right) cells treated with 0.5 mgyml tunicamycin in
complete serum-containing medium were assayed for expression of
cyclin D1, BiP, CHOP, cyclin A, and CDK2 by immunoblotting.
Immune complexes recovered with antibodies to cyclin D1 (B) or to
CDK2 (C) were assayed for protein kinase activity by using retino-
blastoma protein or histone H1 as substrates, respectively. (D) Lysates
from untreated NIH 3T3 cells (0) or those treated with tunicamycin for
20 h (20) were precipitated with antibodies to CDK2. Denatured
immune complexes were then separated on gels and blotted with
antibodies to p27Kip1 or p21Cip1 (indicated at left) to score for
complexes containing the CKIs. Although cyclin A levels fell in
drug-treated cells (A), the recovery of equivalent amounts of CipyKip
proteins after tunicamycin treatment suggests that the ratio of CKIs to
cyclin bound CDK2 was increased, consistent with the observed
inhibition of CDK2 kinase activity (C).
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extent on persistent ERK activity. Northern blotting indicated
that cyclin D1 mRNA levels remained unchanged through 8 h
of tunicamycin treatment, during which the expected accumu-
lation of CHOP and BiP mRNAs were observed (Fig. 4B).
Only after more prolonged treatment did cyclin D1 mRNA
decline (Fig. 4B). Because the depletion of cyclin D1 protein
was apparent within 4 h of tunicamycin treatment (Figs. 1B and
3A), the acute stress-induced loss of the protein cannot be
attributed to decreased D1 transcription.

Cyclin D1 proteasomal degradation is also a mitogen-
regulated process (18). As discussed above, phosphorylation of
Thr-286 by GSK-3b targets cyclin D1 for degradation via the
26S proteasome; however, because GSK-3b activity is down-

regulated in mitogen-stimulated cells, cyclin D1 has its normal
turnover rate of '25 minutes. Tunicamycin treatment neither
increased GSK-3b activity nor accelerated cyclin D1 turnover
(negative data not shown).

Tunicamycin Inhibits Translation of Cyclin D1. It seemed
likely that cyclin D1 loss in cells undergoing ER stress might
be a direct result of the UPR-induced translational repression.
In a series of metabolic labeling experiments performed with
NIH 3T3 cells treated for various times with tunicamycin, a
progressive reduction in the rate of cyclin D1 synthesis was
observed that could be detected as early as 2 h after tunica-
mycin addition (Fig. 4C). Therefore, repression of cyclin D1
translation closely correlates with the rapid depletion of cyclin
D1 protein in cells challenged by ER stress. Because tunica-
mycin provokes stress by inhibiting glycosylation within the ER
lumen, whereas cyclin D1 is synthesized on non-membrane-
bound polyribosomes, inhibition of cyclin D1 translation must
involve signaling from the ER to the cytoplasmic protein
synthesis machinery.

DISCUSSION

Pharmacological activation of the mammalian UPR leads to a
reduced rate of cyclin D1 translation and to a rapid loss of
cyclin D-dependent kinase activity. Concomitant inhibition of
cyclin E- and A-dependent kinase activity depends secondarily
on the release of CipyKip proteins from disrupted cyclin
D–CDK complexes and their mobilization into complexes
containing CDK2. Inhibition of both classes of G1 CDKs
results in cell-cycle arrest. As shown here, the enforced ex-
pression of cyclin D1 in tunicamycin-treated cells was itself
sufficient to prevent the loss of both CDK4- and CDK2-
associated kinase activity and could thereby maintain the
stressed cells in cycle. Under these conditions, other hallmarks
of the UPR, such as BiP and CHOP induction, continued
unabated, indicating that the ER-stress-induced transcrip-
tional response was fully active in these cycling cells.

Accumulation of D type cyclins during G1 phase depends on
persistent mitogenic stimulation. Conversely, growth factor
withdrawal prevents cyclin D1 gene expression, and the rela-
tive instability of the protein ensures that cyclin D1 levels fall
precipitously, thereby enabling mitogen-deprived cells to exit
the cycle quickly. Although agents that interfere with protein
biogenesis in the ER might conceivably hinder maturation of
growth factor receptors, thereby compromising mitogenic
signaling and braking the cell cycle (11, 24), several lines of
evidence suggest that this interference is not the mechanism
responsible for rapid growth arrest during the UPR. First,
mitogen-dependent activation of ERKs was not inhibited by
tunicamycin. Second, when ectopically expressed under con-
ditions of ER stress, cyclin D1 continued to assemble into
active cyclin–CDK complexes, a process that also depends on
ERK signaling (17, 22). Third, although serum depletion
normally results in p27Kip1 induction and loss of mitogen-
responsive p21Cip1 (14), tunicamycin-induced stress led instead
to p27Kip1 loss, whereas p21Cip1 levels remained constant.
Finally, although mitogen withdrawal rapidly diminishes cyclin
D1 transcription (23) and accelerates cyclin D1 turnover (18),
the UPR affects neither of these processes acutely but instead
leads to a rapid decrease in the rate of cyclin D1 translation.
Therefore, growth factor deprivation and ER stress trigger
cyclin D1 loss via distinct signaling pathways.

Clotrimazole, an antiproliferative agent that depletes cellu-
lar calcium stores and inhibits calcium influx, decreases protein
translation by inducing phosphorylation and activation of PKR
(30). The resulting inhibitory phosphorylation of eIF-2a
blocks formation of the 40S translation initiation complex and
decreases the synthesis of cyclins D1, E, and A. Overexpression
of cyclin D1 partially overrides clotrimazole-induced cell-cycle
arrest (30) in a manner similar to that observed in our

FIG. 4. Tunicamycin does not inhibit mitogenic signaling but
blocks cyclin D1 translation. (A) After treatment of NIH 3T3 cells with
tunicamycin or with medium containing 0.1% FCS, the levels of
phosphorylated ERKs (Upper) were compared with the total ERK
pool (Lower) by immunoblotting with antibodies that detect phos-
phorylated or all ERK isoforms, respectively. (B) After tunicamycin
treatment of NIH 3T3 cells for the same time intervals, mRNAs
encoding cyclin D1, CHOP, BiP, or actin were detected by Northern
blotting performed with the cognate radiolabeled cDNA probes. (C)
NIH 3T3 cells were left untreated (diamonds) or treated with 0.5
mgyml tunicamycin for 2 h (squares), 4 h (triangles), or 12 h (circles)
and then pulse-labeled for the indicated periods of time with Tran-
35S-label (ICN). Cyclin D1 was immunoprecipitated from lysates,
separated on a denaturing gel, and the rate of cyclin D1 synthesis was
quantified by scanning the autoradiographs.
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experiments with tunicamycin-treated cells. Although PKR is
activated when intracellular calcium stores are depleted (6,
30), cells nullizygous for PKR still respond to ER stress by
reducing translation (10), implying compensation through an
additional signaling pathway. Inhibition of cyclin D1 transla-
tion during the UPR might instead result from PERK-
mediated phosphorylation of eIF-2a (10). Nonetheless, it
remains unclear whether PERK, being localized to the ER
membrane, has the capacity to influence cytoplasmic protein
synthesis. The initiation factor eIF-4E, which serves as the cap
binding protein and is a known positive regulator of cyclin D1
translation (31), represents another possible UPR target.
Mitogens stimulate the efficiency of cyclin D1 translation by
promoting the phosphorylation and activation of eIF-4E (32),
and eIF-4E over-expression in NIH 3T3 cells increases cyclin
D1 protein levels without altering its mRNA (31). Thus, the
ER-stress pathway could inactivate eIF-4E through the action
of an as-yet undefined UPR-regulated phosphatase or an
eIF-4E kinase inhibitor.

Regardless of the exact signaling mechanism, the ability of
cells overexpressing cyclin D1 to bypass ER-stress-mediated
growth arrest highlights the critical nature of cyclin D1 as a
proximal target of the UPR. The fact that activation of the
UPR is not sufficient to induce the complete loss of other
proteins necessary for maintenance of cell-cycle progression
(e.g., CDK2, CDK4, and cyclin A)—whereas other proteins
(e.g., BiP and CHOP) are concurrently induced—underscores
the specificity of this response. At the very least, the effect of
UPR-induced translational repression on the level of individ-
ual proteins must vary according to their pool size and half-life,
as well as the efficiency of translation of their respective
mRNAs. Cyclin D1 synthesis is particularly sensitive to trans-
lational repression, making it an excellent target for rapidly
influencing the cell-cycle machinery. Indeed, the depletion of
the short-lived cyclin D1 protein allows the UPR to ‘‘short-
circuit’’ cell-cycle progression well before ER-stress conditions
interfere with mitogenic signaling pathways and reduce cyclin
D1 mRNA. Therefore, UPR-mediated repression of protein
translation seems to serve at least two functions. The global
response reduces ER traffic, thus limiting damage. Growth
arrest depends on blocking the synthesis of cyclin D1, a specific
rate-limiting regulator of G1 phase progression. The latter
process likely represents a UPR-activated G1 checkpoint that
provides time for reestablishment of normal cellular ho-
meostasis.
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